Bacteria of the genus Rhizobium fix atmospheric N2 in symbiotic association with leguminous plants. The rhizobia invade the root and form nodules which result from a controlled proliferation of root cortical cells. The bacteria that inhabit such nodules differentiate terminally, morphologically, and functionally into nitrogen-fixing "bacteroids." Nitrogen fixation is normally a symbiotic function and may even be dissociated from processes of cell growth in free-living rhizobia. It therefore has been of interest to study the regulation of nitrogenase and to relate this to the differentiation of rhizobia into bacteroids.
Fortunately, the Rhizobium nitrogenase complex can be induced in culture in defined microaerobic conditions (1) (2) (3) . The conditions required for induction are the presence in the culture of both a source of fixed nitrogen, such as glutamate, and oxygen as electron acceptor for oxidative phosphorylation. Nitrogenase consumes 12-15 ATPs per N2 reduced (4) . Rhizobia are obligate aerobes and they must couple electron transport to oxygen with ATP synthesis to achieve significant rates of nitrogen fixation. Because nitrogenase activity is inactivated by 02, the oxygen partial pressure must be below that which inhibits enzyme activity but high enough to allow rapid oxidative phosphorylation. Consequently, there is a narrow oxygen partial pressure range that permits simultaneous growth and fixation.
Glutamine synthetase [GS; L-glutamate:ammonia ligase (ADP-forming), EC 6.3.1.2] participates in the regulation of nitrogenase expression both in culture and in root nodules in Rhizobium "cowpea" 32H1 (5) . Glutamine auxotrophs, defective in GS, are unable to induce nitrogenase under any physiological condition and the majority of prototrophic revertants remain regulation-defective. However, some prototrophic revertants regain the ability to express nitrogenase both in culture and during symbiosis with the tropical legume Macroptileum atropurpureum.
Recent work has shown that Rhizobium strains possess two distinct GS activities that are separable by isoelectric focusing (6) . GS I seems to be a dodecameric enzyme and its catalytic activity can be modulated by reversible adenylylation (7) . GS II has two distinctive properties: it is thermolabile, and there is no indication that it can be adenylylated (6) . The present report distinguishes the two GSs with regard to the regulation of nitrogenase expression.
MATERIALS AND METHODS
Strains, Media, and Selection of Auxotrophs. Rhizobium sp. 32H1 (RC 3200) was cultured at 30'C in minimal salts medium containing 0.2% arabinose or 0.1% succinic acid titrated to pH 6.3 with KOH as energy sources, as described (5, 7) . Nitrogen sources were 0.1% glutamate, 0.1% glutamine, or ammonium at indicated concentrations. Auxotrophs were isolated by penicillin G lysozyme enrichment of mutagenized cultures (5) .
GS Assays. Assays were conducted on cetyltrimethylammonium bromide-treated whole cells or crude cell extracts (5) . The procedure measures glutamine, ADP-and AsO'--dependent production of y-glutamyl hydroxamate (transferase activity) (5, 7) . Catalytic activity (and transferase activity in the presence of 60 mM Mg2+) is directly proportional to the average fraction of unadenylylated subunits. The ratio of transferase activities measured with and without added Mg2+ yield En for that preparation (for references and details, see ref.
To measure relative amounts of GS I and GS II, GS II is inactivated by heating aliquots of either whole cells or cell extracts for 1 hr at 50°C; this completely inactivates GS II and does not affect GS I (6) .
Plant Nodulation Tests and Nitrogen-Fixing Activity. Plant nodulation tests and nitrogenase assays were conducted as described (5). Seeds of Macroptileum atropurpureum cv. Siratro were germinated aseptically in nitrogen-free defined medium and inoculated with the Rhizobium strain of choice. To measure nitrogen fixation activities of nodulated plants, tubes containing seedlings were capped with serum stoppers and assayed by acetylene reduction (5).
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Native Protein Gel Electrophoresis. Electrophoresis in polyacrylamide gels (5%) that retained GS in native configurations was conducted as described (7) All cultures contained excess glutamate as nitrogen source, and no changes in intracellular ammonium pools were observed upon shift from aerobic to the microaerobic argon atmosphere under these conditions. Therefore, under N2 microaerobiosis, essentially all intracellular ammonium arises from nitrogenase activity. The underlying assumption of the assay is that nitrogenase-dependent ammonium production, and iqot ammonium export, is rate-limiting. Nitrogenase activities generated by this protocol correlated with those obtained by acetylene reduction but were more precise and more reproducible.
EXPERIMENTAL RESULTS Characterization of Glutamine Auxotrophs and Their
Revertants. Rhizobium glutamine auxotrophy necessitates deficient GS I and GS II activities. RC3201 is representative of all single-step glutamine auxotrophs isolated by conventional selection (5) . This strain has a highly adenylylated GS I (adGS I); GS II is catalytically undetectable (GS II-) under all physiological conditions ( Fig. 3 except that cultures were shifted to atmospheres containing 0.50% 02. Nitrogenase activities were determined both by N2-dependent ammonium production and by acetylene reduction.
The acetylene reduction activity of 3200 (O) was substantially less than that of 3205 (0) under 0.50% 02. Under 0.50% 02, however, the N2-dependent ammonium accumulation in the culture medium for 3205 (@) was nonexistent, whereas 3200 (U) continued to export ammonium into the medium. Therefore, the ammonium produced by 3205 must be assimilated under 0.50% 02.
Adenylylation State of GS I Before and After Nitrogenase Induction. To test the hypothesis that Gs I adenylylation state is related to both nitrogenase induction and subsequent ammonium assimilation, adenylylation states were examined before and after nitrogenase induction (Fig. 4) 4 . GS levels after microaerobic shift in minimal salts medium plus succinate and glutamate. A 3200 culture was grown aerobically in exponential phase to a cell density of 2 X 108/ml at 280C and shifted to an atmosphere of 0.20% 02 at time zero. Aliquots were withdrawn at times indicated and activities were determined for GS I (0), GS I adenylylation state (ER) (U), and total accumulation of ammonium in the culture medium (0). Acetylene reduction activity (0) was initially detected after t = 24 hr. 02, and the levels of GS I and GS II and the adenylylation state of GS I were measured. Nitrogenase activity begain to appear at about 24 hr and increased for up to 48 hr. GS I was repressed/degraded to a low level. GS II initially increased but then declined starting at about 10 hr, well before the appearance of nitrogenase. Unadenylylated GS I was initially present.
After the shift, GS I first became adenylylated (to Ej = 5) but then was deadenylylated, reaching Enj = 1.5 before 20 hr. By the time nitrogenase had begun to appear, at about 24 hr, GS I had begun to be adenylylated again, and by about 40 hr it was nearly fully adenylylated. The total ammonium concentration in the culture medium exhibited a marked increase with time immediately after the shift whereas, under aerobic conditions, residual ammonium slowly decreased.
This behavior is complex and difficult to explain fully. However, two correlations are worth noting. First, GS I was relatively unadenylylated prior to nitrogenase appearance, consistent with the earlier implication of unadenylylated GS I in nitrogenase regulation. Second, after nitrogenase appearance, GS I slowly became fully adenylylated. Because adenylylation of GS I is stimulated by 10 ,uM NH+ under steady-state conditions (7), it seems reasonable to conclude that such was a consequence of nitrogenase-produced ammonium, all of which is then eventually exported into the medium.
Rhizobium Nitrogenase is Formed in Excess Ammonium. These results were compared to those with a shift to 0.2% 02 in medium containing 10 mM NH+. Here, nitrogenase appeared at about 24 hr but in a variable amount and never exceeding 30% of that seen in medium with no added ammonium. The initial behavior of both GS I and GS II activities was qualitatively similar in medium containing 10 mM and no added ammonium. However, in medium containing 10 mM NH:, GS I became partially unadenylylated immediately after the shift! Presumably, this deadenylylation, which reached Eni = 3.5 at 2 hr after the shift, was the consequence of a decrease in the intracellular ammonium that is necessary for this to occur. This suggests that strain 3200 exports ammonium after shift to low 02. Such was directly observed in medium containing no added ammonium (Fig. 4) . Ammonium export is likely to be similar to that used in root-nodule bacteroids.
Furthermore, the observed partial deadenylylation of GS I in medium containing 10 mM NH+ after low 02 shift accounts for the appearance of nitrogenase activity in this condition. In 10 mM NH4 or with no added ammonium, GS I began to be adenylylated after 24 hr, presumably because intracellular ammonium accumulated from the reduction of N2 by nitrogenase.
The results of microaerobic shifts in media containing either 10 mM or no added ammonium are consistent with the idea that the unadenylylated GS I system mediates derepression of nitrogenase. When nitrogenase appears, it produces ammonium, which stimulates adenylylation of GS I and repression of both GS I (slightly) and GS II (completely). Because adenylylated GS I will not assimilate ammonium, the ammonium is exported. Furthermore, the adenylylated configuration of the GS I system may also repress nitrogenase.
DISCUSSION
The results indicate that GS I, but not GS II, is involved in the regulation of nitrogenase gene expression, both in culture and in root nodule symbiosis. More explicitly, unadenylylated GS I or deadenylylating enzymes for GS I mediate nitrogenase derepression. By extension, the adenylylated GS I configuration may repress nitrogenase. Other factors undoubtedly are involved as well. Transcriptional regulation of the histidine utilization genes of enteric bacteria by purified GS in vitro has been demonstrated (11) . Evidence suggesting that enteric GS itself regulates as well as catalyzes comes from studies showing regulatory mutations mapped within the structural gene gltA for GS (12, 13) . Subsequently, additional loci-glnF in Salmonella typhimurium (14) and Klebsiella pneumoniae (15) and glnG in Escherichia coli(16)-have been shown to participate in the regulation of nitrogen metabolism. Recent work in K. pneumoniae also demonstrates that glnB, which codes for the PIT protein of the adenylylation system, is also involved in regulation (17) .
Nitrogenase of the nitrogen-fixing soil bacterium K. pneumoniae is also regulated by GS (18) . In Rhizobium, glutamine auxotrophs were previously shown to be defective both in total GS activity, and in the ability to derepress nitrogenase in culture (5) and in planta (5, 19 (Fig. 4) . This suggests that chemosmotically coupled ammonium export is activated after shift to low 02. This ammonium porter would facilitate such export during symbiotic nitrogen fixation.
In virtually all nitrogen-fixing prokaryotes and their symbioses, ammonium strongly inhibits nitrogen fixation. Repression is one such inhibitory mechanism. In Rhizobium, it has always been puzzling that some nitrogenase synthesis can be observed in medium containing ammonium (ref. 20 and this work). The present results trace this finding to ammonium export and deadenylylation of GS I (Fig. 4) 
